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This paper describes a frequency-domain travel time (FDTT) method for measurement of
direct and reflected travel times of sound waves based on the change in phase with frequency
between a reference signal and a transmitted wave. An ordinary (linear) source can be used for
measuring delays over shorter path lengths, and a parametric array (nonlinear) source can be
used for measuring delays over longer path lengths. In the ordinary source measurement a
reference signal is electronically multiplied with a signal that is time delayed by propagation
through a sample. As frequency is incremented stepwise, the relative phase difference generates
a corresponding stepwise dc output from the multiplier. For any travel path within the sample,
there is a characteristic period of the dc signal whose reciprocal is proportional to the group
time delay along the path. If more than one arrival exists, characteristic periods are
superposed. An inverse Fourier transform of the frequency signal gives the discrete arrival
times for each path. In the parametric measurement, a second electronic multiplier is used to
create an electronic difference frequency signal for phase comparison with a wave at the
difference frequency created by nonlinear elastic interaction in the material. The FDTT
method should be applicable to ultrasonic investigation of material properties, nondestructive
evaluation, seismology, sonar, and architectural acoustics.

PACS numbers: 43.25.Ki, 43.25.7Zx

INTRODUCTION

Numerous methods exist for laboratory measurement
of ultrasonic travel time. For instance, one of the most pow-
erful methods in use is pulse echo overlap.'= This method is
extremely sensitive in material where wave attenuation and
scattering are low and/or propagation path lengths are
short. In instances where pulse echo overlap is not possible,
for example, in larger laboratory samples or highly dissipa-
tive media where only one-way wave propagation is possible,
ordinary pulse methods or continuous wave methods are
commonly employed.* Pulse methods often have the disad-
vantage of emergent first arriving energy making arrival
time difficult to determine. In continuous-wave phase meth-
ods* relative phases between a reference and the detected
signal can be matched precisely allowing travel time to be
obtained very accurately; however, when more than one ar-
rival is present, results from these methods can be ambigu-
ous. Location of later arrivals in a pulsed waveform can be
notoriously inaccurate, and later arrivals contaminate con-
tinuous-wave phase methods so that direct comparison be-
tween the detected signal phase and a reference signal phase
may be difficult to interpret.* An alternative to both pulse
and continuous-wave methods is use of cross correlation
with a frequency swept signal as input. This method can be
very powerful in obtaining direct and reflected wave travel
times.

We describe an alternative method from which to obtain
travel time for instances when propagation distances are rel-
atively large and the material is highly dissipative, and/or
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when more than one arrival exists. The technique described
here, termed the frequency domain travel time (FDTT)
method, is in the general class of continuous wave methods:
It relies on tracking phase differences between a reference
and ultrasonic signal as a function of frequency. The FDTT
method grew out of previous work in developing a frequency
method by which to obtain travel time for nonlinearity creat-
ed waves.’ In this paper, we present a method than can be
used to obtain travel times by using an ordinary transducer
operated in the linear elastic regime. In short, the signal
source is swept stepwise in frequency while the entire phase
relation between the reference and detected signal is record-
ed in detail. Travel time can be obtained directly from the
relative phase as a function of frequency. In addition, we
show how the method can be employed to obtain travel times
of direct and reflected waves for relatively far distances by
use of a parametric array source® composed of two collinear,
nonlinear elastic primary waves. (A parametric array is
created when two collimated, high strain amplitude sound
waves of different frequencies are transmitted in the same
direction. The waves interact nonlinearly and create a fre-
quency at the difference between the two primary wave fre-
quencies.) A parametric source is useful for transmitting
over large distances due to its narrow collimation and low-
attenuation characteristics.” The linear and nonlinear
sources can be used in combination for observation of direct
and reflected wave travel times over a large distance interval.

Similar methods, commonly termed frequency-domain
reflectometry, have been developed independently else-
where, including in the field of optics for problems associat-
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ed with optical fibers®'° and in ground penetrating radar for
locating buried objects.!' In addition, commercial devices
that are based on the same principle exist for radar cross-
sectional measurements.'? A similar method has been ap-
plied to obtain ultrasonic travel times where the source is not
stepped in frequency but swept continuously.!' In that mea-
surement, the multiplied signals (a reference and the phase-
delayed signal propagating through the sample) are at dif-
ferent frequencies and the difference in frequency is directly
related to the time delay. To our knowledge, however, the
method described in this paper has not been applied to ob-
taining sonic travel times in materials, in acoustical media,
or in seismic media.

I. THEORY

The basis of both the ordinary source and parametric
array FDTT method rests on measuring the relative phase
difference between a wave that has propagated through a
sample versus a reference signal, as a function of changing
frequency or wave vector. Consider a single frequency input
wave X cos(wt?) that is input into and propagates through a
medium. The detected signal is composed of waves that trav-
el directly along a path between source and detector in addi-
tion to reflected or scattered waves within the sample. For all
travel paths the detected signal is of the form

W, (1) = E”: A (0,L;)B; cos{wt — [®,(w) + (@) ]},
i=1
(1)

where #n = number of paths within the sample; 4, (w,L;)
= frequency- and path-length-dependent attenuation coef-
ficient; L, = ith reflector travel path length; B, = reflection
and/or transmission coefficients, source voltage level, and
transducer coupling effects to the sample; y(w) = phase
shifts associated with electronics and transducers; and
P, (w) = phase delay of the ith direct or reflected wave.
Note that Eq. (1) does not include frequency-dependent
phase shifts due to non-normal incidence which will produce
errors in time delay; however, frequency-independent phase
reversal from normal incidence does not affect the time de-
lay. Equation (1), the phase-delayed signal from the sample,
is electronically multiplied with a reference signal of form

Y (0,t) = A, cos[ot —y(w)]. (2)

The reference signal is made to incorporate the same elec-
tronic phase delays (@) as the received signal. Retaining
only dc components (by filtering) yields a signal

Vo (@) == 4o 3 A LB, 05T, (3)
i=1

where w7 is equal to ®,(w) and 7 is the ith direct or re-
flected wave travel time. As w is varied, for any time delay
T, a characteristic period results as w7, passes through
successive values of 27. Therefore, ¥, represents the sum
of the characteristic periods for all propagation paths L, and
their respective delay times T',. The most expedient method
by which to obtain all arrivals to inverse Fourier transform
the data from the frequency domain into the time domain
where each arrival is theoretically represented as a discrete
spike.
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A schematic illustrating the method for a single, direct
arrival is shown in Fig. 1. In this, the simplest caseis n = 1,
so that the detected signal becomes

Voo (0,1) = A, (@,L,) B, cos{wt — [®,(w) + y(0)]}. (4)
Multiplication and low-pass filtering yields
Vow (@) =3 A, (w,L;)B; cos(wT;). (5)

As frequency is stepped upward this function cycles at a
frequency &f inversely proportional to the time delay 8t of
the signal traversing the sample. The actual time delay is
obtained by taking the inverse Fourier transform of the re-
sulting characteristic period signal.

A physical explanation for the representation of arrivals
as spikes along the time axis comes from Fourier domain
reflectometry.*!! Characteristic periods in the frequency
domain can be considered as transforms of phase-delayed
delta functions, i.e., impulse functions, in the time domain.
(This behavior is analogous to an ordinary Fourier trans-
form in which an oscillation in the time domain transforms
to an impulse in the frequency domain. ) Thus each arrival of
travel time T, corresponds to an impulse traveling along a
particular path.

Time resolution can be enhanced by compensating for
frequency-dependent attenuation of the output signal [rep-
resented by 4, (w,L;) above] because—within limits pre-
scribed by signal/noise—the usable range of higher frequen-
cies can be extended. Due to this attenuation, for a fixed
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FIG. 1. Schematic diagram illustrating FDTT method.
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travel distance L, the frequency-domain signal amplitude
V.. (@) described by Eq. (3) will decay with frequency f
proportional to

A, (f) <exp( —al), (6a)
where
al = ( —7f/Qv),

L is path length, Q is specific dissipation (or quality factor),
and v is wave velocity. In reality, the travel path of each
reflector within the sample is of different length, which
causes a different attenuation decay with frequency for each
separate arrival. Nevertheless, we can make a first-order cor-
rection to remove attenuation effects and therefore increase
time resolution of the inverse transform by empirically fit-
ting a single decaying exponential to the sample output sig-
nal and then multiplying the signal by its reciprocal,

1/4, () xexp(a'f),

where exp(a’f) represents the empirical fit.

In practice, care must be taken not to include significant
noise in the transform. This is accomplished by inspecting
the characteristic period signal and discarding the higher
frequency portion where the signal/mnoise becomes large.
Figure 2 shows an inverse Fourier transform of a measured
characteristic period that has no amplitude correction (dot-
ted line) and the same signal that was corrected before the
transform was taken (solid line). Separate arrivals become
much more distinct with application of the attenuation cor-
rection. [One possibility for improving the correction may
be to treat each arrival independently. Instead of fitting a
single decaying exponential to the frequency domain output,
one approach would be to narrow-band filter the mixed out-
put around each arrival time (corresponding to fixed char-
acteristic period in the frequency domain), and apply the
correction independently to each arrival.]

In the presence of velocity dispersion, the FDTT meth-
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FIG. 2. Synthetic, time domain representation of the frequency-domain sig-
nal without attenuation compensation (dotted line) and with attenuation
compensation (solid line). One percent random noise was included in the
frequency-domain signal. The time-domain signals were smoothed before
plotting.
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od gives group travel time rather than phase travel time over
the frequency band of the experiment. Consider a single
wave transmitted with travel time T and variable frequency
. From Eq. (3), the mixed output signal would be

V.u (@) xcos(wT) = cos[27N(w) ], (7)

where N(w) represents the number of periods of the signal
contained within the material. Although the material may be
dispersive, if we assume the change in N(&) over the stepped
frequency band to be nearly linear in frequency, we can ap-
proximate N(w) by a first-order Taylor series

N(@) =N(wg) + (0 — ) 2>

dw

where N(w,) is the number of periods of the signal in the

material at the starting frequency in the stepped band, and

@, is the starting angular frequency of the stepped frequency
band. Equation (7) can then be written as

V(@) « cos[Zﬂ'(a) N
do

, (8)

® = W,

) -+ constant terms|.

9
Therefore, as w is increased, V,,,, will oscillate with periodic-

ity in frequency space (N /df) ~'. Aninverse Fourier trans-
formation of the signal will give a travel time 7' = dN /Jf for
the transmitted signal.

By definition, group velocity U is

_dw _ 2
dk kI

Letting

k=2m/A=27N/L, (11)

where L is the fixed travel length of the wave, we then have

()

Therefore,
U= L __L ,
ON/df T

group

(10)

(12)

(13)

where T, oup

is group time delay. Therefore,
Ty =2 =N
v of
This is the same expression derived for T'= dN /df from Eq.
(9) above.

A more intuitive way to perceive that group travel time
is measured by the FDTT method is to consider each arrival
as an impulse. Because the impulse must be synthesized from
the band of frequencies propagating through the medium, its
arrival must occur at the group travel time of the band. The
peak amplitude on the time axis marks the arrival of the
energy maximum for a given travel path.

(14)

Il. EXPERIMENTAL METHOD AND APPARATUS

This section describes the experimental apparatus for
both the ordinary source and parametric array measure-
ments. Figure 3 shows a block diagram of the experimental
apparatus for measuring travel times in the linear, ordinary
source case. The signals are generated by an HP 8904 A
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FIG. 3. FDTT method experimental configuration for an ordinary, linear
elastic source.

synthesizer whose two phase-locked output signals are iden-
tical except in amplitude: A large amplitude signal is direct-
ed via an ENI A-300 power amplifier to the rock and a small
amplitude signal is directed through an identical amplifier to
the mixer. The source and receiver are identical Panametrics
2.54-cm-diam PZT transducers. The output signal is pream-
plified by a Tektronix AM 502 differential amplifier with a
10-kHz-1-MHz bandpass and is directed to a mixer® where it
is multiplied with the reference signal. In order to compen-
sate for phase delays induced by the electronics, the refer-
ence signal passes through identical electronics before multi-
plication (excluding the preamplifier, which induces
negligible phase shift over the band of input frequencies
used). The mixer low-pass filters at 2 Hz leaving only the
difference frequency signal at dc. The mixer output is sam-
pled by an HP 3457 A multimeter that averages the signal
over the time of one power line cycle to diminish incoherent
noise. The multimeter output is proportional to the signal
amplitude and the cosine of the phase difference between this
signal and the reference signal as in Eq. (3). Frequency is
stepped rather than swept to allow for the time delay across
the sample and for time averaging in the multimeter. Ateach
frequency step the time-averaged value is read and stored by
an IBM AT computer that also controls the experiment. The
duration of a complete measurement depends on several fac-
tors, including propagation dimension, desired signal/noise
from the multimeter, desired time resolution, and maximum
travel time measured after inverse Fourier transformation.
However, a complete measurement generally takes between
10—40 min.

Figure 4 shows the experimental configuration for the
parametric array measurement. In this case, the synthesizer
generates two separate signals summed into a single output
that is directed into the rock through the power amplifier.
Another output, lower in voltage and consisting of only one
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FIG. 4. FDTT method experimental configuration for a parametric array
(nonlinear elastic) source.

of the primary frequencies f| or f,, is directed through a pow-
er amplifier into a high-frequency mixer-multiplier.’ The
other input into the high-frequency mixer comes from the
amplified signal before being routed to the rock and consists
of primary frequencies f; + f, (the attenuator, used to pro-
tect the mixer, induces negligible phase delay). The high-
frequency mixer creates an electronic difference frequency
signal at f; — £, (in addition to other, undesirable frequen-
cies that are filtered by the mixer), while the rock creates an
elastic wave difference frequency signal from nonlinear
wave-mixing. The preamplified signal from the rock is mul-
tiplied at the low-frequency mixer-multiplier with the elec-
tronically derived difference frequency signal created by the
high-frequency mixer. Again, the dc voltage out of the first
mixer is proportional to the difference-frequency signal am-
plitude and to the cosine of the relative phase difference.
Phase delays induced by the transducers are not accounted
for because of the limitation imposed by the low-frequency
mixer on 2 minimum input level. Measurements show that
there can be up to a 0.6-us delay due to the transducers (a
second preamplifier would alleviate this problem). Other-
wise, the measurement is identical to the ordinary source
case.

lll. RESULTS

In the first part of this section we present results from
two single (linear) source measurements to obtain direct
transmission travel time in a rectangular solid sample of Be-
rea sandstone with dimensions of 1829 mm(x), 453 mm(y),
and 458(z), respectively, as shown in Fig. 5. Measurements
were carried out along the x- and y dimensions of the sample
as shown in the figure. A velocity anisotropy of approxi-
mately 13% exists between these two directions due to pre-
ferred orientation of cracks and grains along bedding planes

Johnson et al.: Frequency domain travel time measurement 2845



pmmmm e
,

@fo o -3 | R |
\\
N : L J z
| Y
| F—Asamm———%
|
|
| [ End View
=
/// \\\\
,/’ ‘\\
- ~
4s8mm ///’ S~o
[ P ——— |
~~~~~~~~ >
X
I 1829 mm }
Side View

FIG. 5. Schematic of rock sample illustrating sample dimensions, locations
of transducers (solid discs), and ray paths (dashed lines).

in the x-z dimension (2.22 mm/usin the y direction and 2.56
mm/us in the z direction). In the second part we show mea-
surements from a reflector, in this case the back wall of the
sample, in order to compare the single source and paramet-
ric array measurements and to demonstrate that the FDTT
method is appropriate for reflection uses.

Figure 6 shows the attenuation corrected, frequency do-
main characteristic period for the 453-mm-long path length
(y dimension) in the rock sample using a single input
stepped from 50 to 670 kHz at frequency intervals of 100 Hz.
The gradual growth of the signal between 50 and 250 kHz
arises from the combined frequency response characteristics
of the 1-MHz transducers and the bandlimited 0.3-35-MHz
power amplifiers. Figure 7(a) shows the inverse Fourier
transform of this signal and, for comparison, Fig. 7(b) and
(¢) show pulse-mode and cross-correlation results for the
same path. In Fig. 7(b), a single sine wave cycle input at 600
kHz that was summation averaged for the same duration as
the FDTT observation (approximately 30 min) so that the
total energies are comparable. Figure 7(c) is the smoothed,
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FIG. 6. Attenuation compensated, characteristic period for 453-mm path.
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FIG. 7. (a) (top) Inverse Fourier transform of Fig. 6 showing time of arriv-
al (peak). (b) (center) Measured pulse across identical path. (¢) (bottom)
Smoothed, absolute value of the cross correlation from a frequency swept
signal obtained from the identical path.

absolute value of the cross correlation of a signal swept over
the identical frequency interval as the FDTT measurement.
As for the pulsed measurement the swept signal was collect-
ed over the same duration as the FDTT measurement so that
energies are comparable. The signal from the function gener-
ator was used as the reference in the correlation and a Ham-
ming window was applied before correlation.

In Fig. 7(a), the peak of the transformed signal, located
at approximately 204 us, lags the emergent pulsed arrival in
Fig. 7(b) by roughly 4 us; however, the main energy of the
pulsed arrival is slightly delayed with respect to the FDTT
signal. The delay time obtained from the correlation signal
peak is early, approximately 198 us, and the correlation sig-
nal/noise is lower. In addition, the correlation signal peak is
broader than the peak obtained using the FDTT method.
The differences in travel times will be addressed in the dis-
cussion section. Note the superior signal/noise obtained in
using the FDTT method.

Figure 8 shows the attenuation corrected, frequency-
domain signal for paths along the 1829-mm-long x dimen-
sion of the sample using an ordinary source signal stepped
from 100 to 360 kHz at intervals of 100 Hz. Source and
receiver transducers were centered at 12 cm from the sample
bottom, well away from the sample center in the x—z plane,
so that all side-wall reflections could be recorded. As a re-
sult, the frequency-domain signal envelope seen in Fig. 8 is
more complicated than in the previous case because it in-
cludes reflected arrivals. Figure 9(a) shows the inverse
Fourier transform of this signal. Figure 9(b) shows a pulse
arrival of a single sine wave cycle input at 600 kHz that was
transmitted over the same signal path and summation aver-
aged over the same duration as the FDTT method (approxi-
mately 30 min). The first arrival in Fig. 9(a) occurs at ap-
proximately 714 us, while the arrival time of the emergent

Johnson et al.: Frequency domain travel time measurement 2846



100

DC amplitude, mV

S T S SR U
100 150 200 250 300 350

frequency, kHz

FIG. 8. Attenuation corrected, frequency-domain signal from 916-mm di-
mension (linear, ordinary source case).

pulse appears to be at approximately 718 us. Later arrivals in
Fig. 9(a) correspond to bottom-wall (x—p plane), side-wall
(x—z plane), and top-wall (x-p plane) reflectors. Of these,
the side-wall reflector is the largest amplitude arrival at ap-
proximately 777 us because the two side-wall reflectors have
identical path lengths from source to receiver and therefore
arrive simultaneously. The second arrival at 727 us may be
the bottom reflector. (We have not corrected for the fre-
quency-dependent phase lag produced by non-normal inci-
dence reflection. Therefore, those arrivals will be somewhat
in error.)

Figure 10(a) shows the frequency-domain signal for an
ordinary (linear) source stepped from 100 to 400 kHz at
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FIG. 9. (a) (top) Inverse Fourier transform of Fig. 8. (b) (bottom) Mea-
sured pulsed arrival across 1828-mm dimension.

2847 J. Acoust. Soc. Am., Vol. 92, No. 5, November 1992

T T T T T T T T T
1.0 — —
(a) i
>
€ 0.5+ —
o) L
el
3
= 00— J
Q
£ L d u
« |
O .05
8 .05
1.0~ —
. . | . . | . . L |
1000 2000 3000
frequency, kHz
N i
>
E |
o
g b
o
Q
. | : | L | )

0= ) | .
800 1000 1200 1400 1600 1800 2000

time, ps

FIG. 10. (a) (top) Attenuation corrected, frequency-domain refiected sig-
nal from 2 X 1829-mm dimension (linear, ordinary source case). (b) (bot-
tom) Inverse Fourier transform of (a).

intervals of 100 Hz in which source and receiver transducers
were placed side-by-side to detect the signal reflected from
the back wall. The measurement was made lengthwise down
the 1829-mm x dimension and therefore the total travel path
was 3658 mm. Again, the signal is composed of more than
one arrival, the direct surface wave seen as the low-frequen-
cy characteristic period that dominates the frequency-do-
main signal, and the back-wall reflector that is shorter in
characteristic period. The latter is best seen in the early part
of the frequency-domain signal. The inverse Fourier trans-
formed signal is seen in Fig. 10(b) expanded around the
predicted travel time (1428 us) of the direct arrival from the
back-wall reflector. Other arrivals correspond to side-wall
and corner reflections; however, it is not clear which peak
corresponds to a given reflection. No pulsed arrival was ob-
servable in this case, a demonstration of the signal/noise
advantage of working in the frequency domain. The direct
surface wave between adjacent transducers was the largest
amplitude arrival in this case; however, it i1s an early arrival
and does not appear in the time window of Fig. 10(b).
Figure 11(a) shows a parametric array result in which
the side-by-side transducer configuration was once again
used. In this case, one primary was stepped from 100 to 400
kHz, while the other primary was held fixed at 250 kHz.
Figure 11(b) shows the corresponding transformed signal.
As with the preceding ordinary source measurement, the
reflected first arrival time falls at 1454 us but the peak is
narrower, possibly due to the reduction of sidelobes in the
difference frequency signal radiation pattern. (Note that the
phase delay of the transducers, up to 0.6 s, is not accounted
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FIG. 11. (a) (top) Attenuation corrected, frequency-domain reflected sig-
nal from 2 X 1829-mm dimension (parametric array case). (b) (bottom)
Inverse Fourier transform of (a).

for.) The following two arrivals do not correspond to the
predicted arrivals from the side-wall and top-wall reflectors,
nor do they correspond to the later peaks observed in the
ordinary source case; however, the addition of strong back-
reflected energy from sample corners, the effects of path-
dependent attenuation, and the lower frequency band of the
parametric array case make comparison difficult. Note the
signal/noise is nearly six times that of the ordinary source
case. Again, the direct surface wave arrival does not appear
in the time window, and no pulsed arrival was detected.

V. DISCUSSION

In this section, several discrepancies in the observations
between methods will be addressed. This will be followed by
considerations when applying the FDTT method. In addi-
tion, it will be shown that phase reversals from normal inci-
dence, important in geophysical applications, can be in-
ferred from the FDTT method.

A. Observed discrepancies

Differences in travel times between methods used for
comparison to the FDTT method (pulse and cross correla-
tion) are shown for the 453-mm path length [Fig. 7(a)-
(¢) ]. The difference of several us in the first arrival obtained
using the FDTT method, in contrast to the pulsed first arriv-
al, is due to velocity (and possibly path) dispersion. The
abrupt step at the beginning and end of the input waveform
give rise to broadband energy that propagates at frequency-
dependent velocities in a dispersive medium. Thus the group
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delay measured in the case of the pulse is that of the first
arriving energy; however, in the FDTT method, out of all
frequencies that may be present in the detected signal at a
given frequency step, only the detected signal at the reference
frequency is multiplied in the mixer. In effect, the mixeris a
notch filter. Therefore, the group delay of the specified fre-
quency band is obtained, not necessarily the group delay of
the first arriving energy. The arrival time obtained by use of
cross correlation is somewhat ambiguous. If the peak value
of the envelope is used, the arrival is early at approximately
198 us. If the center of the envelope is used, it corresponds
reasonably well with the arrival time obtained by the FDTT
method.

B. Application considerations

Because the measurement is carried out over a frequen-
cy band determined by desired time resolution and overall
delay time (to be discussed), an accurate measurement re-
quires that the group velocity of the material must also be
reasonably constant over this frequency interval. This will
generally be the case for high-Q (low-attenuation) materi-
als. Media with significant velocity dispersion over the fre-
quency interval of data collection will smear the travel time
peak in the transformed data because the characteristic peri-
od will change as a function of driving frequency. Where
travel time is large as in the case of large samples, the period
will be high so that there will be sufficient periods in a rela-
tively short swept band to perform a transform. Hence, dis-
persion effects can be ignored and smearing effects will be
small if the dispersion itself is small over the frequency inter-
val required by the measurement. Conversely, for short trav-
el times and therefore large bandwidths in a dispersive medi-
um, the method may not perform well because of arrival
time smearing.

There are trade-offs between the total frequency span,
frequency sampling rate (the frequency step interval), and
aliasing. The frequency interval dictates the maximum trav-
el time after inverse Fourier transformation through the Ny-
quist criterion; smaller frequency steps increase the time in-
terval upon transformation. If arrivals exist that are not
contained in the time interval, aliasing will appear. A well-
known property of digital data is that there is no possibility
of applying an antialias filter as can be done for analog data.
There is no other way to alleviate this problem other than to
be certain that the time interval is long enough for all arrivals
to appear. Although long travel times can be a problem
where severe reverberations exist, they can be less important
in rocks because of attenuation. Note also that expanding the
total frequency span and/or decreasing the frequency sam-
pling interval increases the measurement time.

Optical frequency-domain reflectometry and radar
imaging methods were mentioned in the Introduction as
conceptually identical to the FDTT method. In contrast to
the method described here, these techniques also employ an
additional quadrature (imaginary component) measure-
ment in conducting the phase comparison. Once the in-
phase and quadrature signals have been obtained, they are
combined to generate separate phase and amplitude dataas a
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function of frequency. An inverse Fourier transform is then
performed on the data to obtain travel time information of
the various reflectors within the material. Although not nec-
essary to the measurement, the quadrature phase compari-
son provides an additional independent measurement at a
given frequency that improves signal/noise ratio. Measuring
both in-phase and quadrature signals is especially con-
venient when a lock-in amplifier is available.

Part of the motivation for developing a parametric array
source is to make use of the high-collimation, low-frequency
(and, therefore, low-attenuation) characteristics of the ar-
ray. The improvement in signal/noise by use of the parame-
trically generated difference signal over the ordinary source
signal is approximately six times for this example owing to
lower attenuation at the inherently lower frequency com-
pared to the primary frequencies. Although there is a trade-
off between conversion efficiency versus narrow collima-
tion, ' the benefits of using a parametric array are clear when
distances of wave propagation are far, at least in rock'* and
other highly attenuating, nonlinear materials.

C. Phase considerations

Phase information can be important, for instance in seis-
mology where phase shifts at reflections indicate acoustic
impedance contrasts diagnostic of material at the interface.
This is a frequent consideration in hydrocarbon exploration.
Figure 12 shows the result of using a synthetic characteristic
period containing two travel times [»n =2 in Eq. (1)] in
which arbitrary phases of 0 and 7/2 were included in the
cosine argument, and in which both in-phase and quadrature
signals are included. As seen in Fig. 13 the FDTT method
can recover the starting phases along with the travel times.
Work in this area is continuing.

V. CONCLUSIONS

The FDTT method is used for measuring direct and
reflected ultrasonic wave travel times in which arrivals are
readily picked out as if they were transmitted or reflected
impulses. The method relies on measurement of the phase

— T T T T T T T T T
—I(n-Phase Signal
— ~Quadrature Signal -1

amplitude, arbitrary units

85 90 95 100
frequency, kHz

FIG. 12. Synthetic representation of in-phase and quadrature signals.
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FIG. 13. Unwrapped phase (top) and magnitude (bottom) of Fig. 12.

difference between a reference signal and a signal that has
propagated through a sample. The phase difference is re-
corded over an interval of driving frequency. Recording the
entire phase curve allows the signal to be inverse Fourier
transformed, thus providing separation and determination
of travel time for each discrete arrival within the sample. A
nonlinearly created difference frequency beam was also
used, the benefit being enhanced signal/noise over large
propagation distances. Coupled together, the frequency-do-
main method using both an ordinary (linear) source and a
parametrically derived source provides a travel time mea-
surement tool useful over various sample lengths. The
FDTT method should have numerous applications in acous-
tics, ultrasonics, seismology, and nondestructive evaluation
where sharp time resolution and identification are required.
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